We study the lower critical solution temperature (LCST) behavior of associating polymer brushes (i.e., poly(N-isopropylacrylamide)) using classical density functional theory. Without using any empirical or temperature-dependent parameters, we find the phase transition of polymer brushes from extended to collapsed structure with increasing temperature, indicating the LCST behavior of polymer brushes. The LCST behavior of associating polymer brushes is attributed to the interplay of hydrogen bonding interactions and Lennard-Jones attractions in the system. The effect of grafting density and molecular weight on the phase behavior of associating polymer brushes has been also investigated. We find no LCST behavior at low grafting density or molecular weight. Moreover, increasing grafting density decreases the LCST and swelling ratio of polymer brushes. Similarly, increasing molecular weight decreases the LCST but increases the swelling ratio. At very high grafting density, a partial collapsed structure appears near the LCST. Qualitatively consistent with experiments, our results provide insight into the molecular mechanism of LCST behavior of associating polymer brushes.
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I. INTRODUCTION
Temperature responsive polymers 1 
such as poly(Nisopropylacrylamide) (PNIPAAM)
2 undergo a sharp conformation change near the lower critical solution temperature (LCST) of 32
• C. Below the LCST, the PNIPAAM chains are hydrophilic and expand in water. Above the LCST, the PNIPAAM chains become hydrophobic and collapse to avoid contact with water. A common method to exploit this feature is to graft PNIPAAM chains onto a surface. 3 This allows the surface properties to be controlled through temperature. Since the LCST (32
• C) is close to physiological temperature, PNIPAAM brushes have been utilized in various areas such as drug delivery, 4 protein adsorption, 5 cell adhesion, 6 and chromatography. 7 To better tune conformation properties of PNIPAAM brushes for specific applications, it is very important to understand the PNIPAAM brushes phase behavior under different conditions such as molecular weight, grafting density, temperature, etc. It is noteworthy that the PNIPAAM brushes may act differently as compared to bulk aqueous solutions since they are constrained by one end to a surface. The dependence of PNIPAAM brush conformation change on different molecular weight and grafting density has been extensively investigated by using a number of experimental techniques including neutron reflectivity (NR), [8] [9] [10] [11] atomic force microscopy (AFM), [12] [13] [14] [15] quartz crystal microbalance measurements (QCM), 12, 13, 16, 17 surface forces, [18] [19] [20] ellipsometry, 21 water contact angle measurement, 18, 19 and surface plasmon resonance (SPR). 22 Generally, the molecular weight and a) Author to whom correspondence should be addressed. grafting density are shown to be important for the phase behavior of PNIPAAM brushes. For example, Yim et al. [8] [9] [10] [11] performed neutron reflectivity to obtain the monomer concentration profile of PNIPAAM brushes at a variety of molecular weight and grafting density. A distinct phase transition for the polymer brushes was found only at higher grafting density and molecular weight. In addition, a "bilayer" structure, which consists of a dense inner "phase" and a dilute outer "phase," was observed when the temperature is close to the LCST. They also found that the maximum change of polymer brush thickness with temperature was at intermediate grafting density and high molecular weight. Leckband et al. 18, 19 conducted the surface force and water contact angle measurement for PNIPAAM brushes. In agreement with Yim et al., [8] [9] [10] [11] they found that the temperature-driven collapse transition for PNIPAAM brushes only happened at the higher grafting density and molecular weight. Bittrich et al. 21 used ellipsometry to measure the thickness of PNIPAAM brushes and observed similar behavior. They further demonstrated the decrease of hydrogen bonding interaction above the LCST by in situ attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy measurements for PNIPAAM brushes. By using AFM and QCM-D, Ishida and Biggs 12, 13 found that increasing grafting density decreased the LCST of PNIPAAM brushes.
While there are a large number of experimental works on PNIPAAM brushes, relatively few theoretical [23] [24] [25] [26] [27] [28] and simulation 29 studies have been conducted to explain the LCST behavior of PNIPAAM brushes. Lee et al. 29 performed molecular dynamics simulation to investigate the deswelling mechanism of PNIPAAM brushes in water. They observed the deswelling of the PNIPAAM brushes above the LCST. They further found that it was mainly due to the decrease of the hydrogen bonding interaction between the amide groups and water molecules that caused the deswelling of PNIPAAM brushes with increasing temperature. Currently, most of the theoretical studies have been based on Flory-Huggins approach by using a phenomenological temperature-dependent χ parameter. Okada and Tanaka 30 explained the LCST behavior of PNIPAAM solutions by introducing the concept of cooperative hydration. Halperin et al. [23] [24] [25] [26] generalized the mean-field theory of Pincus to describe the LCST behavior of PNIPAAM brushes by introducing an empirical χ parameter that depends on concentration and temperature. The model predicted a bilayer structure at the higher grafting density and a single layer profile at lower grafting density. Mendez et al. 27 used self-consistent field theory (SCFT) to study the effects of temperature, molecular weight, and grafting density on the equilibrium structure of PNIPAAM brushes. An empirical χ parameter obtained from the bulk phase diagram of PNIPAAM solutions was used as the input of their theory. They found that the maximum change of brush thickness was at intermediate grafting density and high molecular weight. The above theoretical studies provide some insight into the LCST behavior of PNIPAAM brushes.
It is well recognized that the LCST phase behavior of PNIPAAM results from a balance between hydrogen bonding interactions and the long range attraction. Without considering the hydrogen bonding interaction between the polymer and solvent, it is difficult to explain the sharp LCST behaviors. In this paper, the continuum space method based on Wertheim's theory [31] [32] [33] [34] considers both the compressibility effect and hydrogen-bonding interaction and can provide molecular-level understanding to the nature of the LCST behavior. Jackson et al. [35] [36] [37] and Arndt and Sadowski 38 successfully used this type of method to study the LCST behavior of hydrogen bonding polymeric systems in the bulk. Bymaster and Chapman 39 developed the inhomogeneous statistical associating fluid theory (iSAFT) that incorporated the association interaction based on Wertheim's theory. [31] [32] [33] [34] iSAFT has been successfully applied to study reentrant order-disorder phase transitions of associating polymeric systems. In this work, we used iSAFT to investigate the LCST behavior of associating polymer brushes. Rooted in statistical mechanics, density functional theory (DFT) has become a popular tool to model polymeric systems. [40] [41] [42] [43] In comparison with simulation, DFT provides a more computationally efficient approach, especially when the solvent is explicitly included. McCoy et al. 44, 45 and later Jain et al. 46 have extended DFT to polymer brush system. Their DFT results are in good agreement with simulation and follow the scaling relations proposed by Alexander 47 and de Gennes. 48 In our previous work, we successfully extended the work of Jain et al. 46 to study the phase behavior of mixed polymer brushes 49 and copolymer brushes. 50 In this paper, we extend the associating DFT of Bymaster and Chapman 39 to model the LCST behavior of associating polymer brushes. Also, we have studied the effect of molecular weight and grafting density on the LCST behavior. Our results are qualitatively consistent with experimental results. The paper is organized as follows: Sec. II explains the DFT model, Sec. III presents our results and corresponding discussion, and Sec. IV gives our conclusions. 
II. THEORY

A. Interaction potential model
We consider associating polymer brushes (A) of chain length N A in an explicit solvent (B). As shown in Figure 1 , the polymer segment and solvent molecule have the same diameter σ . Each polymer segment has a single (type a) association site, and each solvent molecule has a single (type b) association site. These association sites represent hydrogen acceptor and hydrogen donor sites. The form of the association potential will be defined below. As an initial study, we assume heterogeneity only perpendicular to the surface, thus the possible lateral inhomogeneity in the associating polymer brushes have been neglected. The polymer brushes are modeled as freely jointed chains with one end tethered to a surface. The interaction potential between segments can be described as a sum of a hard sphere reference, a cut and shifted LennardJones (LJ) attraction with a Weeks, Chandler, and Andersen (WCA) separation, 51, 52 and association, u(r 12 , ω 1 , ω 2 ) = u hs (r 12 ) + u att (r 12 )
where r 12 is the distance between two segments, ω 1 (ω 2 ) is the orientation of segment 1 (2), and
The contribution due to long range attractions is 
r min = 2 1/6 σ is the position of the Lennard-Jones potential minima, and r c = 3.5σ is the cutoff distance.
Finally, the association potential is given by u assoc ab (r 12 , ω 1 , ω 2 ) = −ε assoc ab , r 12 < r c ; θ a1 < θ C ; θ b2 < θ c 0, otherwise, (5) where θ a1 is the angle between the vector from the center of segment 1 to site a and the vector r 12 and θ b2 is the angle between the vector from the center of segment 2 to site b and the vector r 12 . The radial limits of square-well association were set to r c = 1.05σ and the angular limit to θ c = 27
• . The surface is a smooth hard wall that is neutral (only repulsive) to the polymer brush segments and solvent molecules.
B. iSAFT density functional theory
The challenge in implementation of density functional theory is to construct the Helmholtz free energy functional. Based on thermodynamic perturbation theory, the total Helmholtz free energy functional can be decomposed into an ideal and excess contribution,
The ideal contribution comes from the ideal gas state of the atomic mixture (id). The excess contribution of the free energy is due to excluded volume effects (hs), chain connectivity (chain), long-range attractions (att), and association (assoc).
The ideal gas functional is known exactly
A ex,hs is calculated from Rosenfeld's fundamental measure theory (FMT) 53 for a mixture of hard spheres:
where [n α (r)] is given by
and n α are the weighted densities (or fundamental measures). For simplicity, the mean field approximation 54 is used for the attraction term:
The mean-field approximation has been validated with simulation for several polymer systems. 46 by forcing a mixture of spherical segments to bond in a specified order to form the polymer or solvent molecules of interest:
The first summation is over all segments i, and the second over all the association sites on segment i as (i) is the set of all the associating sites on segment i. χ i a denotes the fraction of segments of type i that are not bonded at their associating site a, which can be obtained by the law of mass action, 57, 58 
where i denotes the neighboring segment which bonds with segment i; site a on i bonds to site b on i . For hard sphere segments that do not overlap,
where K is a constant geometric factor which accounts for the entropic cost associated with the orientations and bonding volume of two segments. F ii (r 1 , r 2 ) is the association Mayer-f function given as
where ε 0 is the bond energy and v ii bond (r 1 , r 2 ) is the bonding potential. In the complete association limit of ε 0 → ∞, the chain contribution to the free energy A ex,chain can be obtained. For tangentially bonded segments, the bonding potential is given by
and y ii (r 1 , r 2 ) is the cavity correlation function for the inhomogeneous hard sphere reference fluid.
We consider a system with fixed grafting density of the polymer brush (A) and fixed bulk chemical potential of the solvent (B), which is "semi-canonical" ensemble (V (volume), T (temperature), M A (number of polymer segments), μ B (chemical potential of solvent) are fixed). In this semi-canonical ensemble, the equilibrium density profile of polymer and solvent is obtained by minimizing the "semicanonical free energy" functional The constraint on the density of the polymer brush is given by
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By minimizing the above functional with respect to ρ i , we can obtain
As we can see, there are only three equations ( (17), (19) , and (20)) with three unknown variables ρ A , ρ B , and λ A . To obtain the density profiles of each component, these three equations are solved simultaneously. The numerical algorithm is the same as in Jain et al.'s paper. 46 (λ A is the chemical potential of the polymer brush in Jain et al.'s paper. 46, 56 The association effect is added in Eqs. (6) and (11) .) The above derivation is conducted to show that Jain et al. ' s 46 DFT method of treating polymer brushes at fixed grafting density is an application of the semi-canonical ensemble. Thus, we compare this semi-canonical free energy A to determine the stable structure. The final expression for the semi-canonical free energy A is expressed as
where n( (i) ) is the total number of the bonding sites on segment i, and
where y γ γ contact [{ρ i (r 1 )}] is the contact value of cavity correlation function at weighted densityρ i (r 1 ). For the details of numerical procedure of solving the above equations, please refer to our previous work. 39, 46 
III. RESULTS
In this section, we study the phase behavior of associating polymer brushes (A) in explicit monomer solvent (B). To minimize the large parameter space, we first fix the polymer brush length N A = 50, grafting density ρ g σ 2 = 0.1, and bulk solvent density ρ B σ 3 = 0.8. The surface is located at z = 0. For simplicity, the interaction energy is set such that (1) Before discussing our results, we first define two useful parameters: the thickness of the polymer brush z and the swelling ratio (Sw) of the polymer brush. The thickness of the polymer brush z is defined as twice the first moment of the density profile ρ(z),
The swelling ratio of the polymer brush is defined as the brush thickness at desired temperature (T) divided by the one at T = 323 K,
Figures 2(a) and 2(b) show the density profiles (a) and not bonded fraction (b) of polymer brushes and solvent at T = 303 K. An advantage of our theory is that we can easily calculate the hydrogen-bonding fraction between the polymer brushes and solvent. At T = 303 K, the polymer brushes are well solvated. The whole domain can be divided into two regions: the polymer brush region, which contains both polymer segments and solvent, and the solvent region which contains pure solvent. For example, in Figure 2(a) , the separation line is about z = 11. The solvents have a density of about 0.45 in the polymer brush region, which is almost the same concentration with the polymer segments. Their density profiles both have strong oscillation near the surface due to packing effects. In the polymer brush region, as we can see from Figure 2 (b), about 70% of polymer segments are bonded with the solvent, while 90% of solvents are bonded with the polymer segments. In this case, the hydrogen bonding interaction between the polymer brushes and solvent dominates the system and the solvent can easily penetrate into polymer brush region. However, as the temperature is increased from 303 K to 307 K, the polymer brushes suddenly collapse and phase separation occurs, as shown in Figures 2(c) and 2(d) . It is a very sharp transition, and the transition temperature is the LCST of the polymer brushes. The collapse of the polymer brushes is due to the LJ attraction which exists between polymer segments. As temperature is increased, the hydrogen bonding between the polymer brushes and solvents decreases, and the LJ attraction becomes the dominant factor that makes the polymer brushes collapse. Increasing loss of entropy that occurs with association with increasing temperature can overcome the energetic benefit of association. The treatment of the association in the theory is why this theory is able to describe the LCST behavior without empirical parameters. In particular, we notice that there is almost a "bilayer" of solvent that can penetrate into polymer brush region and stay close to the surface. This effect is entropic in nature, since the penetration cost of solvents is relatively small compared to the entropic cost due to the complete collapse of the polymer brushes. We expect that the penetration of solvent will become less with increasing the size of the solvent molecules. The effect of solvent properties will be considered in a future publication. Figure 2 (d) shows that hydrogen bonds still form at the interface between the polymer brush and solvent. We also calculate the free energy for each state. The semi-canonical free energy versus T can be found in Figure 3 . As shown in Figure 3 , we can see the intersection (LCST = 305 K), which has a discontinuity of the slope, indicating the first order phase transition from the exposed to collapse structure with increas- FIG. 3 . Semi-canonical free energy (A ) versus temperature (T) (corresponding to Fig. 2 ). All the possible morphology (diamond (blue line): collapsed; rectangle (red line): extended) has been marked in the semi-canonical free energy diagram. The collapsed-extended structure phase transition happens at T = 305 K. The intersection between the collapsed-extended structure has a discontinuity of the slope, indicating the first-order phase transition.
ing temperature. Without using any empirical temperaturedependent parameter, our theory successfully captures the LCST behavior of hydrogen bonding polymer brushes. As we increase the grafting density to a very high ρ g σ and also predicted by Halperin et al.'s theoretical work with an empirical parameter χ . [23] [24] [25] [26] In Figure 4 (c), the partially collapsed structure is actually a mixing structure between the collapsed and the extended, since the inner part of the polymer brush is collapsed, while the outer part is well solvated. From Figure 4(d) , the collapsed portion of the brush is depleted in solvent/polymer hydrogen bonds, while the outer extended portion of the brush exhibits a significant amount of hydrogen bonding. This partially collapsed structure is very stable at high grafting density and it only appears at the temperature close to the LCST. The appearance of the partially collapsed structure is involved with the entropic cost of folding polymer brush. At very high grafting density, the polymer brush cannot collapse completely due to the high entropic cost. This is different than the phase behavior of bulk polymer solutions. In Figure 5 , from the semi-canonical free energy phase diagram, we can see the structure transits from extended to partialcollapsed to collapsed as the temperature is increased. Both transitions are first order since the slope of curves is different. (The curve for partial-collapsed structure does not connect to the collapsed state curve because partial-collapsed structure cannot be converged at higher temperature. This may be due to numerical instability of the current DFT methods.) The grafting density and molecular weight are considered as two important factors that affect the LCST behavior of polymer brushes. Since the swelling ratio of the polymer brush is very important for a specific application, we plot the swelling ratio of the polymer brush as a function of temperature in Figures 6 and 7 . In Figure 6 , the grafting density is varied from 0.05, 0.1, 0.15, and 0.2 to see its effect on the swelling ratio of polymer brush. At the lower grafting density ρ g σ 2 = 0.05, there is no LCST behavior found for the polymer brushes, and its thickness shows a gradual decrease as temperature is increased. At ρ g σ 2 = 0.1, we can see clearly a step change of swelling ratio at T = 305 K, indicating the phase transition or the LCST behavior of the polymer brush. The LCST behavior of the polymer brush is shown to happen only at higher grafting density, which is consistent with numerous experiments. 8-10, 18, 19, 21 Increasing the grafting density from 0.1 to 0.15 decreases the LCST from 305 K to 297 K, the swelling ratio from about 1.6 to 1.4. The effect of grafting density on the LCST is qualitatively consistent with Ishida and Biggs's experiments. 12 The effect of grafting density on the swelling ratio is partially consistent with the viewpoint that intermediate grafting density and high molecular weight gives maximum swelling ratio change with temperature, which was shown by Mendez et al.'s SCFT results 27 and Yim et al.'s experiments. [8] [9] [10] At even higher grafting density ρ g σ 2 = 0.2, due to appearance of partial-collapsed structure, the swelling ratio curve first has a discontinuity at 285 K (from extended to partial-collapsed), and then continuously decreases until a small step at 299 K (from partial-collapsed to extended).
The molecular weight (or the chain length) is another important parameter that can affect the phase behavior of the polymer brush. In Figure 7 , we vary the chain length from 20, 50, 100, and 200 to see its effect on the swelling ratio of the polymer brush. At the lower chain length N A = 20, no LCST behavior is found. Instead, a gradual decrease of brush thickness is observed with increasing temperature, similar to the previous lower grafting density case. from 305 K to 297 K. However, we find the LCST changes little with an increase chain length from 100 to 200. In addition, the swelling ratio increases monotonically from about 1.6 to 1.9 with increasing N A from 50 to 200, which is partially consistent with Mendez et al. ' s SCFT results 27 and Yim et al. ' s experiments. [8] [9] [10] The partially collapsed structure is not found at N A = 200. However, it could reappear at even higher molecular weight. 
IV. CONCLUSIONS
Understanding the effect of molecular weight and grafting density on the LCST behavior of associating polymer brushes is of great importance for smart material design. In this work, we have employed a DFT to study systematically the large parameter space (i.e., molecular weight, grafting density, and temperature) that can affect the phase behavior of associating polymer brushes. Compared with molecular simulation, DFT has the great advantage of computational efficiency, especially when explicit solvent is included in the system. Consistent with experiments, our theory captures the LCST behavior of polymer brushes at higher grafting density and molecular weight. No LCST behavior is found at low molecular weight and grafting density. At very high grafting density, the partial collapsed structure is found near the LCST. Moreover, increasing grafting density decreases the LCST and swelling ratio of the polymer brush. Similarly, increasing molecular weight decreases the LCST but increases the swelling ratio of the polymer brush. This further demonstrates iSAFT's capability to capture the hydrogen bonding effect of the associating polymer systems.
